In this study, intra-and interspecific competition were investigated in early successional Salix rehderiana Schneider and laterappearing Populus purdomii Rehder under non-fertilized (control) and nitrogen (N)-fertilized conditions in the Hailuogou glacier retreat area. Our aim was to discover whether N is a key factor in plant-plant competition and whether N drives the primary succession process in a glacier retreat area. We analyzed differences in responses to intra-and interspecific competition and N fertilization between P. purdomii and S. rehderiana, including parameters such as biomass accumulation, nutrient absorption, non-structural carbohydrates, photosynthetic capacity, hydrolysable amino acids and leaf ultrastructure. In the control treatments, S. rehderiana individuals subjected to interspecific competition benefited from the presence of P. purdomii plants, as indicated by higher levels of biomass accumulation, photosynthetic capacity, N absorption, amino acid contents and photosynthetic N-use efficiency. However, in the N-fertilized treatments, P. purdomii individuals exposed to interspecific competition benefited from the presence of S. rehderiana plants, as shown by a higher growth rate, enhanced carbon gain capacity, greater amino acid contents, and elevated water-use efficiency, whereas the growth of S. rehderiana was significantly reduced. Our results demonstrate that N plays a pivotal role in determining the asymmetric competition pattern among Salicaceae species during primary succession. We argue that the interactive effects of plant-plant competition and N availability are key mechanisms that drive primary succession in the Gongga Mountain glacier retreat area.
Introduction
There are complex combinations of negative and positive interactions between plant species in nature. Among these interactions, intra-and interspecific competition are the main factors that affect plant growth and survival, species abundance and distribution, community structure and stability, and ecosystem function and health (Wilsey and Potvin 2000, Brooker 2006 ). While intraspecific competition occurs at all stages of plant community development, interspecific competition is prominent during primary succession (Walker and del Moral 2009, Monnier et al. 2013) . During early primary succession, when soil nitrogen (N) and organic matter levels are extremely low, competition varies across gradients of resource availability in glacier retreat areas. When environmental stress is moderate, plants can quickly gather resources and prevent neighbors from doing so (Bertness and Callaway 1994, Callaway and King 1996) . Early successional species could improve the microclimate as well as the physical and chemical properties of soil, and late successional species would benefit from that. Ultimately, late species would replace early species as a result of competition (Manders and Richardson 1992, Jumpponen et al. 1998) . The intensity of plant-plant interactions, especially the strength of competition, has an influence on structuring the diversity and composition of plant communities. Plant communities are generally affected by many factors ranging from soil fertility status to ground environment, which change along gradients of N and water availability (Weiher et al. 2004, Lamb and Cahill 2008) .
In general, plant seedlings are sensitive to competition and other environmental stresses. Plants increase their competitive ability and fitness by adjusting their morphological and physiological characteristics in response to fluctuations in the availability of resources and composition of neighboring plants (Callaway et al. 2003 , Anten et al. 2005 . Recent studies have focused on plant growth and physiological responses to abiotic and biotic factors, particularly in terms of intra-and interspecific competition (Brooker 2006 , Schenk 2006 , Bonser 2013 , Niklas and Hammond 2013 . Previous investigations have shown that intra-and interspecific competition may lead to substantial changes in photosynthetic capacity (Poorter et al. 2012) , N absorption (Mangla et al. 2011 ) and root exudates (Bartelheimer et al. 2006) , which, in turn, facilitate the optimization of plant performance in various environments. However, our understanding of successional dynamics and of the roles of intra-and interspecific competition and N availability is limited, particularly in glacier retreat areas, where N is often a major limiting factor during primary succession.
Competition for nutrients has been considered to be a major factor that determines the distribution of plant species (Silvertown 2004 , Araújo and Luoto 2007 , Thuiller et al. 2008 , and nutrient availability influences changes in the growth traits of plants. Phosphorus (P) is one of the essential nutrients for plant growth and ecosystem development (Reich and Oleksyn 2004) . Nitrogen is a common limiting factor in terrestrial ecosystems; thus, its availability affects species diversity, community structure, plant competitiveness, physiological activities and carbon (C)-N-P balance (Treseder and Vitousek 2001 , Phoenix et al. 2006 , Luo et al. 2015 . However, research on how N acquisition (NH 4 + -N and NO 3 --N) is influenced by plant-plant interactions and on how N availability alters intra-and interspecific competition is limited (Tilman 1987 , Brais et al. 1995 , Ashton et al. 2008 , particularly in glacier retreat areas.
The Hailuogou glacier, which is the largest valley glacier surrounding the Gongga Mountain (SW China), has decreased in size during recent years due to global warming (Ding et al. 2006 , Liu et al. 2010 . After 120 years of glacial recession, the Hailuogou glacier retreat area supports a series of primary succession, including N-fixing species dominating the most recent meltdown areas, deciduous shrubs of Salix and Populus in intermediate successional ecosystems, and the climax community, which is predominated by Abies fabri and Picea brachytyla (Zhou et al. 2013 , Lei et al. 2015 . Among the early successional deciduous species, Salix rehderiana Schneider appears during earlier stages of succession, followed by several succession stages involving Populus purdomii Rehder as the co-dominant species (Zhou et al. 2013 , Yang et al. 2014 . During this period, succession is driven by intra-and interspecific competition between P. purdomii and S. rehderiana, as sunlight and soil moisture are relatively abundant and homogeneous, whereas soil nutrient resources are relatively scarce, particularly that of N (He and Tang 2008, Luo et al. 2012) . Furthermore, soil water availability gradually decreases as the distance from the glacier increases and water consumption by vegetation increases, whereas the soil N content increases due to litter decomposition of N-fixing species. There is also a trade-off between water and N-use efficiencies (Field et al. 1983 , Patterson et al. 1997 , Livingston et al. 1999 , and species-specific resource harvesting strategies may ultimately determine the direction and rate of succession in a glacier retreat area.
The present study uses P. purdomii and S. rehderiana as target species when investigating the effects of N fertilization on intraand interspecific competition during primary succession. To gain an insight into the structural, chemical and physiological determinants that alter the competitive ability of P. purdomii and S. rehderiana individuals, we analyzed differences in biomass accumulation, nutrient contents, non-structural carbohydrates, photosynthetic capacity, hydrolysable amino acids and leaf ultrastructure in response to intra-and interspecific competition and N fertilization. In addition, different forms of labeled N ( 15 NH 4 NO 3 and NH 4 15 NO 3 ) were utilized to determine whether P. purdomii and S. rehderiana exhibit differences in N absorption capacity. The following hypotheses were tested: (i) P. purdomii and S. rehderiana utilize different competitive strategies under interspecific competition and N fertilization; and (ii) environmental N conditions determine asymmetric competition patterns, and N is likely to play a pivotal role and serve as a major driving factor in transforming the dominant species from S. rehderiana to P. purdomii in glacier retreat areas.
Materials and methods

Site, plant material and experimental design
The study was conducted at the Gongga Mountain Alpine Ecosystem Observation and Experiment Station of the Chinese Academy of Sciences located at the southeastern edge of the Tibetan Plateau (elevation: 3000 m above sea level; 29°34'N, 101°59'E), where the mean annual temperature, annual precipitation and relative humidity are 4.2°C, 1947 mm and 90.2%, respectively. The early glacier retreat area is 2 km from the station, and the climatic conditions are similar.
A total of 120 uniform-sized seedlings with approximately the same basal stem diameter and tree height, 60 seedlings of P. purdomii and 60 seedlings of S. rehderiana, were obtained for the study from a nursery close to the station. Two seedlings were planted 10 cm apart in plastic pots (diameter 30 cm and height 25 cm) filled with homogenized soil at the end of September 2014. The planting soil was obtained from the natural habitats of the two species (Salix and Populus) and had a pH of 6.82 ± 0.04, soil organic matter content of 28.60 ± 1.12 g kg −1
, total N content of 0.54 ± 0.03 g kg −1
, and total P content of 0.29 ± 0.02 g kg −1
. The experimental layout was completely randomized with three factors (species, N and competition), including two N supply levels (N-fertilized and non-fertilized), two species (P. purdomii and S. rehderiana) and three competition treatments, i.e., two intraspecific (P. purdomii + P. purdomii, PP; S. rehderiana + S. rehderiana, SS) and one interspecific competition treatment (P. purdomii + S. rehderiana, PS). Thus, the study consisted of a total of six treatments. Ten replicates per treatment were included in the experiment. The experiment was performed in an open site in the field in natural rain conditions. Nitrogen was provided as NH 4 NO 3 at 35 g N m −2 year −1 in every N-fertilized treatment. We applied N fertilizer three times during the growing season, on 1 June, 1 July and 1 August. This N fertilization level corresponded to the soil N content and local N deposition observed on the site, and N levels characteristically observed in early successional forest in glacial retreat areas (Liu et al. 2008 , Yang et al. 2014 ).
Determination of growth characteristics
Four pots from each treatment were randomly selected and harvested at the end of the experiment on 25 August 2015. All individuals were divided among leaves, stems and roots, and all biomass samples were dried at 70°C for 72 h to measure the dry mass. The root/shoot ratio (R/S, the ratio of root dry matter (RDM) accumulation to shoot dry matter accumulation) and specific leaf area (SLA, the ratio of leaf area to leaf mass) were calculated.
Determination of C, N and P contents
Dried biomass samples were ground to a fine powder and passed through a mesh with pore diameter of 250 μm. Approximately 0.5 g of dry powdered material was used to determine C, N and P contents per tissue dry mass by the rapid dichromate oxidation technique (Nelson and Sommers 1982) , the semi-micro Kjeldahl method (Fawcett 1954 ) and the induced plasma emission spectroscopy (Parkinson and Allen 1975) , respectively. Elemental C/N and N/P ratios were calculated to estimate the C-N-P ecological stoichiometry relationship.
Determination of non-structural carbohydrates in leaves, stems and roots
About 50 mg of dry powdered plant material was used to estimate starch, total soluble sugar, sucrose and fructose contents.
The plant samples were placed in 10-ml centrifuge tubes, mixed with 4 ml of 80% (v/v) ethanol, incubated in a water bath at 80°C for 30 min, and then centrifuged at 7000g for 5 min. The supernatants were further transferred to clean 10-ml centrifuge tubes. This procedure was repeated twice: each time 2 ml of 80% (v/v) ethanol was added to the residue and the supernatants were pooled. The ethanol extract solution was used for the determination of the total soluble sugar content according to the anthrone-sulfuric acid method (Yemm and Willis 1954) , the sucrose content according to the procedure of Green et al. (1994) and the fructose content according to a modified resorcinol method (Murata et al. 1968 ). The solid residue was hydrolyzed with 2 ml of 9.2 mol l −1 HClO 4 for 30 min to convert starch to glucose, and centrifuged at 7000g for 10 min. The supernatant was collected, and the solution was used to measure the starch content (the amount of glucose from starch hydrolysis) by the anthrone reagent (Yemm and Willis 1954) .
Determination of foliage gas exchange characteristics . Photosynthetic N-use efficiency (PNUE) was further calculated as P n per leaf N content per area.
Determination of C and N isotope composition
The stable isotope analyses were conducted at the Stable Isotope Laboratory for Ecological and Environmental Research, Chinese Academy of Forestry using a DELTA V Advantage Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Leaf samples were oven-dried at 70°C for 48 h, and the dried leaves were ground and passed through a mesh with a pore diameter of 150 μm. Stable carbon isotope composition (δ 13 C) was determined using the same leaves that were employed in gas exchange measurements. δ 13 C of the samples was expressed relative to the standard Pee Dee Belemnite (Farquhar et al. 1989) as follows: δ 
Determination of hydrolysable amino acids
The powdered dry leaf material (0.1 g) was transferred to a hydrolysis tube, and mixed with 10 ml of 6 mol l −1 hydrochloric acid. The solution was frozen in a freezer for 5 min. The hydrolysis tube was vacuumed and filled with purified N 2 three times, after which the tube was sealed and transferred into a constanttemperature drier for hydrolysis at 110°C. After 22 h of hydrolysis, the tube was removed from the dryer and cooled. The hydrolysis liquid was filtered, and the tube was washed with deionized water several times. The collected hydrolysis liquid was transferred into a 50-ml volumetric flask and diluted with deionized water. One milliliter of the diluted hydrolysis liquid was poured into a 5-ml volumetric flask and dried in a vacuum drier at 40-50°C. The residue was dissolved in 1 ml of sodium citrate-hydrochloric acid buffer solution (pH = 2.2) for analysis. The composition and concentrations of amino acids were determined by a L8800 automatic amino acid analyzer (Hitachi, Tokyo, Japan).
Transmission electron microscopy observations
Leaf sections of 2 mm in length from the middle leaf parts avoiding the midrib were selected for transmission electron microscopy (TEM) analyses according to the procedures of Zhao et al. (2012) and Zhang et al. (2014) . The sections were fixed in 3% glutaraldehyde (v/v) in 0.2 mol l −1 sodium phosphate buffer (pH = 7.2) for 6-8 h, and post-fixed in 1% osmium tetroxide for 1 h, and finally again in 0.2 M sodium phosphate buffer (pH = 7.2) for 1-2 h. Then, the samples were dehydrated in a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95% and 100%) and embedded in epon-araldite. Ultrathin sections (80 nm in thickness) were sliced, stained with uranyl acetate and lead citrate, and mounted on copper grids for viewing with an H-600IV TEM (Hitachi).
Statistical analysis
All data were analyzed using SPSS16.0 for Windows statistical software package (SPSS, Chicago, IL, USA). Homogeneity of variances and normality of distributions were tested for each variable before statistical analyses, and log-transformations were applied when needed. Individual traits among treatments were compared by the Tukey's test after one-way ANOVA. Three-way ANOVAs were used to evaluate the effects of species, N and competition treatments on each variable. All statistical effects were considered significant at P < 0.05. Principal component analysis (PCA) of eco-physiological traits was used to identify the most discriminatory effects of intra-and interspecific competition and N fertilization. PCA analyses were performed using Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA).
Results
Effects of competition treatments and N fertilization on plant growth characteristics
Non-fertilized P. purdomii plants (P/PS, individuals under interspecific competition, and P/PP, individuals under intraspecific competition) had lower aboveground (SDM), belowground (RDM) and total dry mass (TDM), seedling height (H) and SLA under interspecific competition (P/PS) when compared with intraspecific competition (P/PP). On the other hand, non-fertilized S. rehderiana plants (S/PS, individuals under interspecific competition, and S/SS, individuals under intraspecific competition) had higher SDM, RDM, TDM and SLA under interspecific competition (S/PS) than under intraspecific competition (S/SS). The early successional species (S. rehderiana) showed higher SDM, TDM and H, and a lower R/S ratio than did the late successional species (P. purdomii) under interspecific competition and non-fertilization (Table 1 ). However, in N fertilization conditions, P. purdomii individuals subjected to interspecific competition (P/PSN) exhibited a greater biomass accumulation than when they were exposed to intraspecific competition (P/PPN). In contrast, S. rehderiana individuals engaged in intraspecific competition (S/SSN) showed higher values than individuals exposed to interspecific competition (S/PSN). Furthermore, the late successional species (P. purdomii) showed higher RDM, TDM and the R/S ratio when compared with the early successional species (S. rehderiana) under interspecific competition and N fertilization (Table 1) . Growth characteristics were significantly affected by the interaction of species × N and species × competition. The interaction of species × N × competition significantly affected SDM, RDM, TDM, SLA and H.
Effects of competition treatments and N fertilization on C-N-P stoichiometry
Nitrogen-fertilized plants had higher root, stem and leaf N contents per dry mass, and N/P ratios than those grown without fertilization. Non-fertilized P. purdomii plants had lower stem N contents under interspecific (P/PS) than under intraspecific competition (P/PP), whereas N-fertilized P. purdomii plants had higher leaf C contents and lower root N/P ratios under interspecific competition (P/PSN) than under intraspecific competition (P/PPN) ( Figure 1 , Table 2 ). On the other hand, under interspecific competition, S. rehderiana individuals had higher stem C/N ratios and lower root C/N ratios than under intraspecific competition and non-fertilization, whereas higher root N/P ratios were observed under interspecific competition (S/PSN) than under intraspecific competition (S/SSN) with N fertilization ( Figure 1 , Table 2 ). The late successional species (P. purdomii) showed higher leaf C contents, leaf N contents, leaf N/P ratios, root C/N ratios and stem C/N ratios than did the early successional species (S. rehderiana) under interspecific competition and N fertilization ( Figure 1 , Table 2 ). The interaction of N × competition significantly affected root C contents, leaf N contents, leaf C/N ratios and stem
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C/N ratios. The interactive effects of species × N × competition significantly affected leaf and root C contents, and root C/N and N/ P ratios ( Figure 1 , Table 2 ).
Effects of competition treatments and N fertilization on non-structural carbohydrates
Populus purdomii plants had higher total sugar contents than did S. rehderiana plants in all competition treatments. Under interspecific competition, P. purdomii individuals had higher root, stem and leaf starch contents than S. rehderiana grown without fertilization. The early successional species (S. rehderiana) showed lower root, stem and leaf total sugar and fructose levels, stem starch and sucrose levels, and root starch and sucrose levels when compared with the late successional species (P. purdomii) under interspecific competition and N fertilization ( Figure 2 , Table 3 ). Non-fertilized P. purdomii individuals had higher root, stem and leaf starch levels, and lower root total sugar levels under interspecific competition (P/PS) than under intraspecific competition (P/PP), whereas P. purdomii plants had lower leaf total sugar, leaf sucrose and stem starch levels under interspecific than under intraspecific competition with N fertilization (Figure 2 , Table 3 ). Furthermore, S. rehderiana subjected to interspecific competition had lower leaf starch and stem fructose levels than did plants exposed to intraspecific competition with N fertilization (Figure 2 , Table 3 ). The interaction of species × competition and N × competition significantly affected root, stem and leaf starch contents. The interactive effects of species × N × competition significantly affected root starch, total sugar and sucrose, stem starch and fructose, and leaf starch and total sugar levels.
Effects of competition treatments and N fertilization on foliage gas exchange
In non-fertilized treatments, P. purdomii plants exposed to interspecific competition (P/PS) had a lower net photosynthetic rate (P n ), stomatal conductance (g s ), intercellular CO 2 concentration (C i ) and transpiration rate (E) when compared with plants kept under intraspecific competition (P/PP). Under N fertilization, P. purdomii plants grown in interspecific competition (P/PSN) had higher P n , g s , C i and E than those under intraspecific competition (P/PPN, Table 4 ). On the other hand, S. rehderiana plants from interspecific competition (S/PS) had higher P n , g s , C i and E than those from intraspecific competition (S/SS, Table 4 ) without fertilization. Under N fertilization, S. rehderiana experiencing interspecific competition (S/PSN) had lower P n , g s and E when compared with plants kept in intraspecific competition (S/SSN, Table 4 ). Under interspecific competition, the early successional species (S. rehderiana) had higher P n , g s , C i and E, and a lower vapor pressure deficit (D) when compared with the late successional species (P. purdomii) without N fertilization. P n and E were significantly affected by the interaction of species × N and species × competition. The interactive effects of species × N × competition significantly affected P n , g s , C i , E and D. 5.43 ± 0.18 a 3.49 ± 0.30 a 9.11 ± 0.56 a 94.45 ± 2.11 bcd 0.66 ± 0.03 e 39.6 ± 1.0 a S/PSN 4.24 ± 0.04 b 2.79 ± 0.27 b 7.03 ± 0.11 bc 91.38 ± 3.13 cd 0.68 ± 0.03 e 36.5 ± 1.5 b P > F S *** ns *** ns *** *** P > F N *** *** *** *** *** *** P > F C *** ns * ns *** ns P > F S × N *** ns ** *** ns ** P > F S × C *** ns *** ** ns ns P > F N × C ns ns ns ns ns ns P > F S × N × C *** *** *** *** ns *** P/PP, P. purdomii individuals from intraspecific competition; P/PS, P. purdomii individuals from interspecific competition; S/SS, S. rehderiana individuals from intraspecific competition; S/PS, S. rehderiana individuals from interspecific competition. P/PPN, P. purdomii individuals from intraspecific competition under N fertilization; P/PSN, P. purdomii individuals from interspecific competition under N fertilization; S/SSN, S. rehderiana individuals from intraspecific competition under N fertilization; S/PSN, S. rehderiana individuals from interspecific competition under N fertilization. F S , species effect; F N , nitrogen effect; F C , competition effect; F S × N , species × nitrogen effect; F S × C , species × competition effect; F N × C , nitrogen × competition effect; F S × N × C , species × nitrogen × competition effect. SDM, the sum of leaf and stem dry matter accumulation; RDM, root dry matter accumulation; TDM, the sum of root, stem and leaf dry matter accumulation; SLA, specific leaf area (ratio of leaf area to leaf dry mass); R/S ratio, the ratio of root to shoot dry matter accumulation; H, the height of seedlings.
Values followed by the same letter in the same column are not significantly different at P < 0.05 according to Tukey's test. Values are expressed as means ± SE (n = 4). The significance values of the factorial analysis (ANOVA) are shown as follows: ns, not significant; * 0.01 < P ≤ 0.05; ** 0.001 < P ≤ 0.01; *** P ≤ 0.001. and roots (black bars) in Populus purdomii and Salix rehderiana under different competition treatments and N fertilization. Competition treatment codes are following: P/PP, P. purdomii individuals from intraspecific competition; P/PS, P. purdomii individuals from interspecific competition; S/SS, S. rehderiana individuals from intraspecific competition; S/PS, S. rehderiana individuals from interspecific competition. P/PPN, P. purdomii individuals from intraspecific competition under N fertilization; P/PSN, P. purdomii individuals from interspecific competition under N fertilization; S/SSN, S. rehderiana individuals from intraspecific competition under N fertilization; S/PSN, S. rehderiana individuals from interspecific competition under N fertilization. Different letters above bars denote statistically significant differences between treatments at the P < 0.05 level according to Tukey's test (see Table 4 for the significance values of the treatment effects according to three-way ANOVAs). Values are means ± SE (n = 4). Table 2 . Statistical significance (P) of the effects of competition and fertilization treatments on average leaf C and N contents per dry mass, leaf C/N, leaf N/P, stem C and N contents per dry mass, stem C/N, stem N/P, root C and N contents per dry mass, root C/N, and root N/P (see Figure 1 for average values) according to factorial analyses (ANOVA). F S , species effect; F N , nitrogen effect; F C , competition effect; F S × N , species × nitrogen effect; F S × C , species × competition effect; F N × C , nitrogen × competition effect; F S × N × C , species × nitrogen × competition effect. Significant effects (P < 0.05) are shown in bold. Figure 3) . Moreover, non-fertilized plants of S. rehderiana kept under interspecific competition (S/PS) had Table 5 provides the significance values (P) for the treatment effects according to three-way ANOVAs. Table 3 . Statistical significance (P) of the influences of competition and fertilization treatments on leaf, stem and root starch, total sugar, sucrose content and fructose contents per dry mass (see Figure 2 for average values) according to factorial analyses (ANOVA). F S , species effect; F N , nitrogen fertilization effect; F C , competition effect; F S × N , species × nitrogen effect; F S × C , species × competition effect; F N × C , nitrogen × competition effect; F S × N × C , species × nitrogen × competition effect. Significant effects (P < 0.05) are shown in bold. Figure 3 ). In control treatments under interspecific competition, late successional species (P. purdomii) had lower δ 15 N derived from NH 4 + and PNUE, and higher δ 15 N derived from NO 3 -and δ 13 C than did the early successional species (S. rehderiana). In contrast, under interspecific competition and N fertilization, P. purdomii plants (P/PSN) showed higher δ 15 N and δ 
Amino acid contents and profiles in relation to competition treatments and N fertilization
In control treatments, S. rehderiana plants experiencing interspecific competition (S/PS) had greater total and individual amino acid contents when compared with plants growing under intraspecific competition (S/SS), whereas P. purdomii plants exposed to interspecific competition (P/PS) had lower total and individual amino acid contents than did plants growing under intraspecific competition (P/PP), except for arginine and proline contents (Table 5 ). In contrast, N-fertilized S. rehderiana plants under interspecific competition (S/PSN) possessed lower total amino acid and individual amino acid contents than did plants under intraspecific competition (S/SSN), except for arginine and proline contents (Table 5 ). The late successional species (P. purdomii) exhibited lower total amino acid, glutamic acid, glycine, valine, isoleucine, leucine, tyrosine, histidine, lysine and arginine contents than what was observed in the early successional species (S. rehderiana) without N fertilization. In contrast, in N fertilization treatments, the early successional species (S. rehderiana) had lower total amino acid, threonine, glutamic acid, glycine, alanine, valine, isoleucine, leucine and arginine contents than did the late successional species (P. purdomii).
Changes in leaf ultrastructure as driven by intra-and interspecific competition and N fertilization
The leaf ultrastructure of non-fertilized P. purdomii and S. rehderiana plants exhibited specific features under intra-and interspecific competition stresses (Figure 4a-d) . In particular, P. purdomii plants exposed to interspecific competition (P/PS) showed more plastoglobuli than what was observed in intraspecific competition (P/PP, Figure 4a and c). Analogously, S. rehderiana plants kept under interspecific competition (S/PS) were characterized by fewer chloroplasts with larger starch granules than plants under intraspecific competition (S/SS, Figure 4b and d). Under N-fertilized conditions, P. purdomii and S. rehderiana individuals showed smooth and continuous cell membranes and cell walls, as well as larger chloroplasts (Figure 4e-h) . Moreover, N-fertilized P. purdomii plants were clearly influenced by intraspecific competition, as indicated by their irregularly shaped chloroplasts (Figure 4e ). In P. purdomii and S. rehderiana plants exposed to interspecific competition under N fertilization conditions, the chloroplasts showed typical shapes and well-arranged thylakoid membranes in granum regions, and the mitochondria had clear cristae (Figure 4g and h ). In addition, the chloroplasts were larger under all competition treatments with the application of N fertilization, and the starch granules of P. purdomii were markedly smaller than those of S. rehderiana under interspecific competition and N fertilization. Table 4 . Net photosynthetic rate (P n ), stomatal conductance (g s ), intercellular CO 2 concentration (C i ), transpiration rate (E) and vapor pressure deficit (D) of Populus purdomii and Salix rehderiana, as affected by different competition treatments and N fertilization. *** *** *** *** *** P > F N *** *** *** *** *** P > F C ns * *** ns ns P > F S × N *** ns *** *** *** P > F S × C * n s n s * * n s P > F N × C ns ** ns *** ns P > F S × N × C *** *** ** *** *** Competition treatments and statistical analyses as in Table 1 . Measuring conditions: leaf temperature 25°C, relative air humidity 60%, ambient CO 2 concentration 400 ± 5 μmol mol −1 , photosynthetic photon flux density 1500 μmol m −2 s −1 .
Relationships among studied traits under different competition treatments and N fertilization
The PCA showed a clear delineation based on trait combinations in intra-and interspecific competition treatments in P. purdomii and S. rehderiana under various N levels ( Figure 5 ). Under N fertilization, the competition treatments of both P. purdomii and S. rehderiana were well separated from each other ( Figure 5 ). However, under non-fertilized conditions, intra-and interspecific competition treatments of S. rehderiana were not well separated from each other. This finding demonstrated that S. rehderiana was not sensitive to different competition patterns under N-poor conditions, unlike P. purdomii ( Figure 5 ). The PCA model with two components explained 92.5% of the observed total variance ( Figure 5 ). PC1 was strongly influenced by root, stem and leaf total sugar, starch, sucrose and fructose, g s , C i and E. PC2 was strongly influenced by root, stem and leaf C and N contents, C/N and N/P ratios, and TDM, SDM, RDM, R/S ratio, SLA and P n .
In addition, root, stem and leaf N, and N/P ratios showed a positive correlation with plant dry matter accumulation and P n , whereas negative correlations with the C/N ratio, R/S ratio, SLA and starch content were observed.
Discussion
Competition patterns and N fertilization affect biomass accumulation, allocation and mesophyll cell ultrastructure
Growth traits are important indicators of responses to plantplant competition and environmental factors (Lavorel and Garnier 2002, Fynn et al. 2005 ). The present study revealed that N fertilization alters growth traits in the presence of intraand interspecific competition in P. purdomii and S. rehderiana. Unfertilized P. purdomii plants kept under interspecific competition (P/PS) showed lower SDM, RDM, TDM, H and SLA than those exposed to intraspecific competition (P/PP), whereas the Figure 1 (n = 4). S, species effect; N, nitrogen effect; C, competition effect; S × N, species × nitrogen effect; S × C, species × competition effect; N × C, nitrogen × competition effect; S × N × C, species × nitrogen × competition effect. Three-way analyses of variance (ANOVA) were conducted to evaluate the effects of different factors and their interactions.
Tree Physiology Online at http://www.treephys.oxfordjournals.org opposite was observed in S. rehderiana plants (Table 1 ). These findings indicated that S. rehderiana individuals were stronger competitors than P. purdomii under N-poor conditions, and S. rehderiana plants would even benefit from the presence of P. purdomii (Table 1) . However, the opposite pattern was detected under N-rich conditions, where P. purdomii kept under interspecific competition (P/PSN) showed higher dry matter accumulation when compared with plants under intraspecific competition (P/PPN), whereas S. rehderiana under interspecific competition (S/PSN) exhibited poorer performance than did plants under intraspecific competition (S/SSN, Table 1 ). These findings indicated that under N-rich conditions, P. purdomii benefited from the presence of S. rehderiana, whereas S. rehderiana was inhibited under interspecific competition. Thus, the results suggested that P. purdomii and S. rehderiana utilized different growth strategies under different N levels, and the enhancement of N availability could be responsible for species supersedure during primary succession.
The optimal foraging theory shows that plants with morphological and physiological plasticity alter their root-shoot allocation strategy in response to changes in external environmental factors (Gedroc et al. 1996, Lewis and Tanner 2000) . Previous studies have shown that when soil nutrients are limited, the aboveground/belowground ratio decreases and more carbon and nutrients are allocated for root growth to enhance nutrient acquisition and plant competitive capacity (Enquist 2003 , Kleczewski et al. 2010 , Bennett et al. 2012 ). The present study indicated that the late successional species (P. purdomii) had lower RDM accumulation than did the early successional species (S. rehderiana) when kept without N fertilization, whereas N-fertilized P. purdomii (P/ PSN) possessed higher RDM when compared with S. rehderiana (S/PSN) under interspecific competition. Previous studies have also indicated that the size of the root system is the key factor that affects the ability for belowground competition (Wilson and Tilman 1995 , Lewis and Tanner 2000 , Rajaniemi 2002 ). On the other hand, in terms of the ultrastructure of mesophyll cells, N fertilization resulted in larger chloroplasts compared with plants grown without N fertilization (Figure 4) . In N-fertilized treatments, S. rehderiana subjected to interspecific competition (S/ PSN) showed fewer chloroplasts than those under intraspecific competition (S/SSN). Non-fertilized P. purdomii plants (P/PS) showed more plastoglobuli compared with S. rehderiana (S/PS) under interspecific competition. The appearance of plastoglobuli in chloroplasts is usually regarded as a symptom of senescence, as lipid droplets leak out during thylakoid degradation (Ghosh et al. 2001 , Dalla Vecchia et al. 2005 . Thus, the findings of the present study indicated that P. purdomii shows poorer performance during interspecific competition under N-limited conditions.
The area studied in our experiment belongs to an alpine ecosystem. Previous studies conducted in alpine ecosystems have focused on competition for belowground nutrients and on the effects of neighbor removal, the conclusion being that competition for belowground nutrients is important for species survival and abundance (Theodose et al. 1996 , Gerdol et al. 2002 . Moreover, fertilization has been found to significantly affect plant growth and community composition through nutrient competition, as well as through changes in competitive relationships among species Bowman 1997, Klanderud and Totland 2005) . For comparison, in a study conducted in a tropical forest, Lewis and Tanner (2000) showed that aboveground and belowground adult-juvenile competition is intense, whereas aboveground competition for light and space is more intense than belowground competition for nutrients and water, and there is plant-to-plant competition for photosynthetically active radiation, which is an important abiotic factor, affecting juvenile plant growth and survivorship.
Competition patterns and N fertilization affect nutrient absorption, utilization and ecological stoichiometry
Carbon-N-P ecological stoichiometry plays a critical role in controlling ecosystem structure and function. In particular, C/N and N/P ratios are important diagnostic factors when assessing relative nutrient limitations, and they allow insights into resource allocation strategies under nutrient-limited conditions (Niinemets and Kull 2005 , Portsmuth et al. 2005 , Zechmeister-Boltenstern et al. 2015 . Nitrogen fertilization was found to affect N absorption and utilization in P. purdomii and S. rehderiana, which in turn influenced their C-N-P ecological stoichiometry relationships. Our results indicated that N fertilization resulted in significantly higher N contents when compared with plants grown without N fertilization. Low N availability frequently limits plant growth and the competitive ability of potentially dominant species, particularly their efficiency in using photosynthetic N (Chapin and Shaver 1985, Robinson et al. 1995) . Populus purdomii experiencing interspecific competition (P/PS) had lower PNUE values than those exposed to . PCA based on eco-physiological traits of P. purdomii and S. rehderiana under intra-and interspecific competition treatments and N fertilization. P/PP, black circle; P/PS, white diamond; S/SS, white square; S/PS, black inverse triangle; P/PPN, white circle; P/PSN, black diamond; S/SSN, black square; S/PSN, white inverse triangle. Treatment codes as in Figure 1 . P n , net photosynthesis rate; g s , stomatal conductance; C i , intercellular CO 2 concentration; E, transpiration rate; SDM, the sum of leaf and stem dry matter accumulation; RDM, root dry matter accumulation; TDM, the sum of root, stem and leaf dry matter accumulation; SLA, specific leaf area (the ratio of leaf area to leaf dry mass); R/S ratio, the ratio of root to shoot dry matter accumulation.
Tree Physiology Online at http://www.treephys.oxfordjournals.org intraspecific competition (P/PP), whereas S. rehderiana subjected to interspecific competition (S/PS) possessed higher PNUE values compared with those kept under intraspecific competition (S/SS). The results also showed that the PNUE values of S. rehderiana increased while those of P. purdomii decreased under interspecific competition and N-limited conditions. When grown without N fertilization, P. purdomii and S. rehderiana showed no significant differences in leaf N contents, whereas under N fertilization, P. purdomii had significantly higher leaf N contents when compared with S. rehderiana. This finding indicated that P. purdomii individuals had a greater ability to absorb N sources, and that would strengthen their competition ability during interspecific competition and N-rich conditions. Nutrient availability has been shown to impact the competitive ability of plants, as well as species composition, thereby reflecting interspecific differences in N uptake and N-use efficiency (Bobbink 1998 , Portsmuth and Niinemets 2007 , Boer et al. 2016 . In a related study, Chen et al. (2015) showed that N supply levels enhanced the competitiveness of the early to medium successional species Populus cathayana, and Duan et al. (2014) demonstrated that the late successional species Abies faxoniana modified its N uptake and showed a better performance under interspecific competition with the early successional species Betula albo-sinensis under elevated temperatures. Our present findings further underscore the role of changes in N availability.
15 N isotope tracing was used to characterize preferences for different soil N forms under N fertilization and competition conditions in P. purdomii and S. rehderiana. Our results showed that δ (Miller et al. 2007 , Ouyang et al. 2016 . Kronzucker et al. (1997) proposed that species better adapted to more mobile NO 3 --N would have a significant competitive advantage, as observed in P. purdomii during interspecific competition under N fertilization. This would be particularly relevant under successional series in glacial retreat areas.
Competition patterns and N fertilization affect photosynthetic capacity and overall photosynthetic productivity
Nitrogen is the key element in proteins and, thus, directly participates in metabolic processes, such as photosynthesis (Evans 1989, Paul and Pellny 2003) . Our study demonstrated that under non-fertilized conditions, S. rehderiana individuals performed better under interspecific competition (S/PS) by having higher P n , g s , C i , and E than that under intraspecific competition (S/SS), whereas the opposite was true for P. purdomii (Table 4) . In contrast, S. rehderiana experiencing interspecific competition (S/PSN) had lower P n , g s and E than that under intraspecific competition (S/SSN), whereas P. purdomii kept under interspecific competition (P/PSN) showed higher P n , g s , C i and E than under intraspecific competition (P/PPN) and N fertilization (Table 4 ). The superior photosynthetic performance of S. rehderiana under interspecific competition and N-limited conditions was associated with a greater N acquisition capacity as well as higher stomatal conductance (Table 4 ). However, this was also associated with a lower long-term water-use efficiency in S. rehderiana than in P. purdomii (Figure 3c ; Farquhar et al. 1989 , Livingston et al. 1999 for discussion of the interpretation of stable carbon isotope composition values). Thus, during interspecific competition under N-limited conditions, S. rehderiana took advantage of P. purdomii due to its water consumption strategy that allowed it to operate at higher intercellular CO 2 concentrations (Table 4) . However, the opposite results were observed under interspecific competition and N-rich conditions. While S. rehderiana maintained a greater stomatal conductance under N fertilization, growing together with P. purdomii reduced its photosynthetic capacity and such interspecific competition enhanced the photosynthetic capacity of P. purdomii (Table 4) . The significant increase in the leaf area observed in P. purdomii (leaf mass by SLA) under interspecific competition suggests that a greater capacity to increase photosynthetic productivity was responsible for its higher RDM, SDM and TDM compared with S. rehderiana under interspecific competition and N fertilization. Moreover, PCA analysis indicated positive correlations among RDM, SDM, TDM and P n ( Figure 5 ). Non-structural carbohydrates are important photosynthetic products that play crucial roles in plant signaling mechanisms, gene transcription, physiological processes, survival and growth, and their concentrations are utilized as indicators of the balance between C supply (photosynthesis) and C demand (respiration) (Sala et al. 2012 , Wiley et al. 2013 . In the present study, both P. purdomii and S. rehderiana exhibited lower starch contents under N fertilization than under N-limited conditions. Previous studies have shown that the distribution of non-structural carbohydrates is largely affected by N availability, which in turn strongly influences the processes of C assimilation and allocation Gavrichkova 2010, Guo et al. 2016) . On the other hand, plants need to balance storage and growth in different conditions. Populus purdomii exhibited higher starch and total sugar contents than S. rehderiana under both non-fertilized and N-fertilized conditions (Figure 2a and b) , suggesting that P. purdomii has an inherently greater allocation of carbon for storage. More conservative investments of photosynthetic carbon for growth and higher levels of carbon storage reserves play an important role in coping with environmental stress, e.g., under water stress and herbivory attacks (Lawlor and Cornic 2002, Sala et al. 2012) . These are important factors that contribute to the succession of S. rehderiana by P. purdomii once a full vegetation cover has been reached and a rapid space capture no longer provides a competitive advantage (Küppers 1985 , De Oliveira et al. 2012 .
Hydrolysable amino acids belong to a class of photosynthetic products that are apparently a part of acclimation and protection strategies under competitive stress, including osmotic adjustment, serving as available C and N sources, and enhancing competitive ability (Jones et al. 2004 , Haase et al. 2007 ). Changes in the composition and concentration of hydrolysable amino acids between P. purdomii and S. rehderiana under different competition patterns and N fertilization treatments reflect the long-term responses of plants to competitive stress, as well as changes in physiological and biochemical processes. The present study showed that the concentrations of total and individual hydrolysable amino acids increased under intra-and interspecific competition upon N fertilization (Table 5 ). This finding is in agreement with the results of previous studies showing that a high-N treatment significantly increased the concentrations of total and all individual hydrolysable amino acids in P. cathayana (Chen et al. , 2015 . In addition, some amino acids with potential allelopathic properties have been identified, and those affect the growth of neighboring plants (Bertin et al. 2007 , Pierik et al. 2013 . In the present study, the late successional species (P. purdomii) showed significantly lower total amino acid, glutamic acid, glycine, valine, isoleucine, leucine and arginine levels when compared with the early successional species (S. rehderiana) in low-N conditions. However, under N fertilization, P. purdomii experiencing interspecific competition (P/PSN) showed significantly higher total amino acid, glutamic acid, glycine, valine, isoleucine, leucine and arginine levels than did S. rehderiana (Table 5 ). These results demonstrated that N fertilization regulates the composition and concentration of hydrolysable amino acids in P. purdomii and S. rehderiana during interspecific competition, which in turn would affect protein synthesis, as well as the capacity for osmotic adjustment, thereby ultimately altering competitive relationships. Taken together, the findings of the present study suggest that P. purdomii is better adapted to conditions involving limited water resources, particularly in the presence of a denser vegetation during the later stages of succession, when compared with S. rehderiana.
Our pot experiments with seedlings showed that late successional P. purdomii benefited from the presence of early successional S. rehderiana under interspecific competition and N fertilization conditions. This indicated that N fertilization is more beneficial to the growth of P. purdomii plants. The Hailuogou glacier retreat area supports a primary succession series, from pioneer N-fixing herbs in the most recent meltdown areas, followed by deciduous broad-leaf species in intermediate successional ecosystems, and finally the climax community dominated by evergreen tree species (Zhou et al. 2013 , Lei et al. 2015 . Soil nutrients, especially the N content, were significantly higher during late succession than during early succession (He and Tang 2008, Luo et al. 2012) . Our study indicates that the succession process is driven by plant-plant competition and N availability, and our results are thus consistent with the law of vegetation primary succession in glacier retreat areas.
Conclusions
The present study demonstrated that N fertilization can alter competitive relationships between P. purdomii and S. rehderiana. Under low N conditions (control), S. rehderiana displayed a competitive advantage over P. purdomii, whereas under N fertilization, P. purdomii showed a competitive advantage over S. rehderiana. Our results corroborate the fact that high N levels facilitate the primary succession in glacier retreat areas, such as the retreat area of the Hailuogou glacier, where the late successional species (P. purdomii) finally replaces S. rehderiana during primary succession. We argue that this evidence provides important insights into plant-plant competition in glacier retreat areas and contributes to the knowledge of nutrient limitation during soil development in successional ecosystems. Further research on the relationships between plant succession, nutrient availability and soil development is necessary when developing models of ecosystem dynamics through primary succession in glacier retreat areas.
